Abstract-In full-duplex systems, the local oscillator phase noise (PN) problem is one of the bottleneck challenges that may face the self-interference cancellation (SIC) stage especially when orthogonal frequency division multiplexing (OFDM) transmission scheme is deployed. Phase noise degrades the used SIC technique performance significantly, if not mitigated before or during the SIC stage. PN can be estimated and mitigated digitally in either time or frequency domain. Through this work, we propose a novel time-domain self-interference phase noise estimation and mitigation algorithm that is based on Wiener filter and enhances the performance of the SIC stage in fullduplex communication systems. Simulation results show that the proposed algorithm has a better performance than some current time-domain or frequency-domain PN mitigation solutions with a noticeable reduction in the computational complexity.
I. INTRODUCTION
Although, full duplexing is an old communication trend it was unfeasible till recently. Full-duplex systems uses all the communication resources of two-ways transmission scheme efficiently. Self-interference (SI) was the main problem that limited the full-duplex system feasibility till recent revolutionary progress in digital signal processing (DSP) techniques [1] . Self-interference is a strong self-jamming signal that interferes with the received signal of interest (SOI) with a much higher power level [2] .
In some wireless communication systems, it is required to suppress up to 90-110 dB of the interference power to ensure that it is below the level of the receiver noise floor [3] . To achieve this level of SI suppression, many self-interference cancellation (SIC) approaches were studied over the past few years [4] [5] [6] [7] [8] [9] to reduce SI power significantly or to completely cancel it if possible either by using RF cancellation [10] , analog SIC [11] , digital SIC [12] or combining different approaches.
Self-interference cancellation stage may suffer from many link impairments that degrade its performance such as IQ imbalance or system nonlinearities. It was proven that phase noise spread is one of the most challenging RF impairments that face the self-interference cancellation stage in full-duplex systems [3] , especially with bandwidth-efficient high-order digital modulation formats.
Phase noise is a phase shift that affects the transmitted symbol (see Fig. 1 ) and comes from the instabilities of the local oscillator used in either the transmitter or the receiver. In OFDM, phase-noise has an indirect effect on the transmitted OFDM symbol. It adds a common phase error (CPE) which is a common rotation of the whole OFDM symbol and an intercarrier interference (ICI) which is subcarrier-wise spread which imposes a phase error on a certain data symbol and loss of subcarriers orthogonality [7] . Different approaches have been proposed to eliminate PN effects in OFDM systems [4] [5] [6] 9] . They are seen as time-domain [6, 8] , and frequencydomain approaches [4, 5, 8] or as feedforward and phase-locked loop (PLL) approaches.
In this paper, we propose a simple time-domain PN estimation approach based on Wiener filtering. The proposed approach achieves a high SI suppression with better PN mitigation results when compared with two of the current SIC techniques in the presence of phase noise [6, 8] with a clear reduction in the computational complexity. This paper is organized as follows: system model and recent SIC techniques in the presence of PN are briefly reviewed in Section II. Section III introduces the proposed time-domain PN estimator based on Wiener filtering. Simulation results and analysis are shown in Section IV and Section V concludes the paper.
II. SYSTEM MODEL
In OFDM Full-duplex transmission, transceivers may suffer from a high interfering signal from its own transmitter which shares the used frequency band and time slot with its received signal of interest (SOI). A simplified block diagram of the OFDM full-duplex transceiver is shown in Fig. 2 , where the IQ imbalance, nonlinear amplification and filtering stages or any system impairments are left out and the effect of the phase noise is studied separately. Starting from the transmitter, the OFDM samples to be transmitted are converted to an analog signal waveform using the digital-to-analog converter (DAC), and then upconverted to the carrier frequency. This stage adds the phase noise to the transmitted signal in the time domain and the value of phase noise spread depends on the quality of the local oscillator.
At the receiver, a proper antenna separation suppresses the self-interference before it manifests in the receive chain with a SIC performance limited to only 20-40 dB [10] . Then, the RF signal is fed to the analog SIC (ASIC) stage which effectively removes most of the SI main path component of the channel before the analog-to-digital converter (ADC) either before or after downconversion stage and low-noise amplifier (LNA) and reduces the SI signal by 40-60 dB. Digital-domain cancellation is then performed as a last line-ofdefense against SI and aims at cancelling the residual SI (RSI) after the ADC by applying DSP techniques that may be sophisticated in the analog domain due to the circuit complexity and power consumption and suppresses around 25-45 dB of the RSI. Note that it was experimentally verified in [1, 2] that the role of digital SIC (DSIC) stage appears when the RSI comes with a high level of power or in other words, the higher the input RSI power level to the DSIC, the higher the achievable amount of cancellation.
The received signal before DSIC at time instant n is [5] , 
where x I , x S are the RSI signal after RF and ASIC and the SOI, respectively where
, and , are the SI and SOI transmitter PN and is the receiver phase noise, h I , h S are SI and SOI discrete-time channels with length L which can be estimated at the receiver and is the additive white Gaussian noise (AWGN).
The residual SI is then suppressed using the digital SIC (DSIC) stage after ADC either in time or frequency domain. DSIC has to deal with the randomness of the link impairments that degrades its performance effectively if not compensated. Phase noise as a random process is modeled as Wiener process in the case of free running oscillators [8] 
where φ is the phase noise, T s is the sampling time and β is the 3-dB bandwidth of PN Lorentzian spectrum and is related to the quality factor of the used oscillator or as OrnsteinUhlenbeck process which is slower than Wiener process in the case of phase-locked-loop (PLL) based oscillators [14] . In PLL, phase noise increases the tracking errors and can dominate over the system AWGN becoming the principal source of system degradation. [19] . Taking DFT of (1), the phase noise impact in the frequency domain can be represented as (3) where k is the subcarrier index of N OFDM subcarriers, , and Z k are the frequency-domain representation of SI, SOI and the AWGN noise and , are the DFT of the transmitter and receiver PN and calculated as (6) where * is the convolution operator and is the time domain representation of the combined PN.
Equation (5) means that due to the presence of phase noise, each received subcarrier signal suffers from CPE and ICI components and is expressed as the weighted sum of all transmitted subcarrier signals [7] . Suppressing only the CPE component can be viewed as the cancellation of the common rotation that equally affects all the subcarriers in the OFDM symbol or the DC level of the instantaneous phase noise variation. ICI expresses the effect of non-zero contribution of other subcarriers on the signal in certain subcarrier position due to the loss of orthogonality [7] . Some researchers introduced PN suppression schemes in the frequency domain to certain order of the estimated coefficients [5, 8] . Other recent publications were interested in time-domain approach [4, 6, 8, 9] . Time-domain PN suppression has the advantage of simplicity if compared with frequency domain as the phase noise is a multiplicative process in the time-domain while it is a convolution process in frequency domain. Moreover, time-domain approaches deal with the phase error directly unlike frequency-domain PN mitigation approaches that correct the CPE and ICI to a certain precision with no exact solution for the estimation problem. Another advantage of the time-domain approach is that it does not need OFDMsymbol synchronization [6] .
III. THE PROPOSED TIME-DOMAIN PN ESTIMATOR
Phase noise estimation in full-duplex systems is crucial for better SIC performance. It is much easier than that for halfduplex systems. This is thanks to the total knowledge of the self-interference signal in full-duplex communications so no need for blind estimators or the insertion of pilot samples. Another factor that simplifies the phase noise estimation process comes from Eq. (2), which describes the transition of phase noise value at (n+1)T s from its previous value at nT s by a Gaussian random variable (RV) with zero mean and 2πβT s variance. Then, at low values of the phase noise 3dB-BW the phase noise of successive samples varies slowly. This leads to the block-wise processing of the phase noise estimation with an optimized window size. [16] . The coefficients of wiener filter are periodically calculated for every data block of an optimized size M then the filter adapts itself to the average characteristics of the signal within the block. In the proposed time-domain WF-based approach, Wiener filter deals with the phase noise as a slowly-varying signal over a relatively small block size which is a valid assumption in the case of phase noise values in full-duplex systems [6] . Here, the input of the filter is the SI signal from the transmitter and output signal is the summation of the SI signal, the signal of interest and AWGN after the 
Note that from equation (8), the autocorrelation matrix has a highly regular Toeplitz structure which has constant elements along the left-right diagonals of the matrix and symmetric about the main diagonal elements. So, many efficient calculation methods can be used to use such type of linear equations [16] . However, estimating the oscillator phase noise which is typically of low 3dB-BW values can be achieved using a reduced filter length which efficiently decreases the required computational complexity. According to Wiener filter averaging characteristics, WF-estimator has the ability to discard any uncorrelated or unexpected change in its inputoutput relation. Hence, it can estimate the phase noise effect on the SI signal and reduce the level of SOI.
In real FD systems, we can consider the SOI signal and the error in the SI channel estimation as noise through the PN estimation stage [6] . This is a valid assumption as the RSI level of power before the digital SIC stage is much stronger than the SOI power level, typically up to 35 dB higher [1, 6] , Hence, Equation (6) where ′ is the summation of SOI and AWGN. The input of the WF, u n , is expressed as follows:
The Wiener filter length can be determined according to the nature of the PN variations and the maximum value of the 3-dB BW. In fact, the PN 3-dB BW falls in the range of 1Hz to several hundreds of Hz with the least LO quality [5] . For one-tap WF, the optimal weight value is expressed as where K=n Mod M. Equation (12) means that symbols are contributing in the estimation with amplitude and phase. This has the advantage that the phase of symbols with higher SNR values contributes with a higher weight than low SNR symbols in the phase estimation [16] . This reduces the SOI contribution and any system impairments.
The proposed algorithm has another advantage as a time domain approach over the PN estimation approach in [17] where the received OFDM symbol is divided into subblocks in time domain and the PN is estimated for each subblock in the frequency domain as the PN in the proposed algorithm is estimated in the time domain not in the frequency domain. This avoids the estimation error that may come from the interference between subblocks because of the ICI of the whole OFDM symbol and does not need an additional (DFT/IDFT) stage in the receiver which increased the computational complexity of the estimation stage. This analysis also highlights the advantage of using Wiener filtering over the frequency-domain least-squares (LS) based estimator in [15] for ICI estimation that may cause a negative gain problem [8] . The estimate of the instantaneous phase is:
For the phase noise mitigation stage, it is performed as a last single step by multiplying the incoming input signal by � . The optimal window size, which depends on the difference in the SOI to SI power levels and the variance of the phase noise process, is chosen to minimize the mean squared error of the obtained phase value. The instantaneous phase error at n over the window of size M is defined as (19) Noting that Δφ n is a linear combination of independent identically distributed (iid) Gaussian RVs, which may be written conveniently in a matrix notation [18] 
where ρ i is the noise-data symbol magnitudes normalized to the data symbols energy over the window, but |ρ i |<, then
Note that η z is uniformly distributed [18] 
This verifies that the variance of The optimum window size M depends on the SIR involved in the noise variance term and the phase noise variance
IV. SIMULATION RESULTS AND ANALYSIS
In this section, the proposed time-domain WF-based PN estimator is compared to the well-known 'Only-CPE' PN estimation algorithm which estimates the CPE component in the frequency domain [8, 17] and a recent time-domain PN estimator presented in [6] based on the low pass filtering (LPF) which has a better performance than the frequencydomain MMSE-based estimator in [8] by 9 dB with a lower computational complexity. For the fairness of comparison with the work in [7] and [8] , the used numerology through this simulation is chosen same as the numerology in [7] . A transmission frame of 64 OFDM symbols with 1024 subcarriers of which 300 subcarriers are dedicated to the user data and the rest are zeros, each carries a 16-QAM data symbol at a sampling frequency of 15.36 MHz. The antenna separation and analog SIC are set to 30 dB for each. Fig. 4 shows the achieved digital suppression of the residual SI power versus the oscillator phase noise 3-dB bandwidth after proper antenna separation and analog SIC with a fixed value of SIR = -30 dB. It is noticed that the proposed algorithm outperforms the PN estimator based on LPF especially in the high realistic values of PN within the full-duplex range. It can achieve more than 4-dB enhancement with a noticeable reduction in the computational complexity. Notice that the proposed algorithm is outperformed by the existing techniques in the range of small and out of the FD operating range phase noise values where the AWGN dominates. So the averaging techniques in [17, 8, 6 ] perform better specially with the fixed window size. Fig. 5 shows the relation between the maximum achievable amount of SI suppression and the SI to SOI average power levels after the antenna separation defined as the channel attenuation difference at a fixed value of 3-dB PN bandwidth of 10 Hz. This figure, in fact, describes the impact of the SOI presence on the phase noise estimation stage. It is clear that the higher the interference signal w.r.t. the SOI signal, the better the DSIC performance. Here, the performance of the 'Only-CPE' estimation below 42 dB, which is not realistic for FD, outperforms the proposed technique because of strong AWGN impact on the estimation stage, while the proposed algorithm has a better performance with channel attenuation difference above 45 dB which is a realistic operation range for FD after passive and analog SIC. Fig. 6 is an example of the variation of the optimized window size with the value of the SOI to SI power levels given by σ n 2 and the PN linewidth which describes the variance of the phase noise given by σ p 2 .
It is clear that the proposed algorithm with small window size performance tends towards the LPF-based algorithm as it has the ability to track higher PN variance (δ p ) of the Wiener process. While, large window size pushes its performance to the 'Only-CPE' estimator as the averaging process over a large OFDM symbol size increases the instanteous estimation error especially with high values of PN bandwidth.
Although, Wiener filter is considered a computationallyinefficient filter due to its matrix inversion and multiplication processes, the computational complexity of the proposed timedomain WF with only one-tap structure is noticeably less than the algorithms in [6] and [8] .
Using equations (12) and (13), For each window of size M, the computed value of the phase noise needs 2M multiplications (one multiplication for y and u* samples, M times in the numerator and one multiplication for u and u* samples, M times in the denominator of Eq. (12)), 2M additions for the same groups of data and 2 common operations (one division and one argument operation in Eq. (13)). The proposed algorithm complexity is compared to the time-domain approaches presented in [6] and [8] in Table I , where N ' is the number of the estimated samples/OFDM symbol in [8] and it was optimized to be N/2 where N is the total number of samples/OFDM symbol, M is the optimized window size of the proposed algorithm (M=35 samples), and Q is the used filter length in [6] (Q=50).
It was investigated in [6] , that the complexity of the timedomain approach, even when the complexity of IDFT{X k .H k } is added, is lower than the frequency-domain approaches in [5] or [17] . In the phase-noise mitigation part, the time-domain algorithm require single complex multiplication per sample for the proposed algorithm and LPF-based estimator and an additional arithmetic operation per sample for interpolation, whereas frequency-domain solutions require convolving the useful signal with the vector whose length is the same as the amount of estimated phase-noise spectral components.
V. CONCLUSION
In full-duplex systems, phase noise mitigation is considered a crucial step for digital SI cancellation. It was found that the time-domain estimator is a good candidate for that thanks to their good performance with lower complexity. This paper presents a novel time-domain phase noise estimator based on the idea of Wiener filtering with a proper averagingwindow size. The proposed algorithm shows superior SI suppression results when compared to 'Only-CPE' estimator and time-domain LPF-based estimator with a noticeable reduction in the required computational complexity.
